Featured Application: This study focuses on fabricating of flexible composite electrodes with low electrical resistance and good mechanical performance at a low temperature by introducing the second phase of fillers with different dimensions.
Introduction
Printed flexible electrodes have attracted great attention in a variety of newly emerging areas such as printable transistors, flexible displays, electrodes, sensors, antennas, radio-frequency identification tags, solar cells, etc. [1] . Currently, inkjet [2] , screen [3] , gravure [4] and aerosol printing [5] techniques can be used to print desired patterns on flexible substrates, such as polyimide, polyethylene terephthalate and polycarbonate. During printing, conductive inks are essential, associating with the feasibility of electrode deposition, bonding at electrode-substrate interface, offering conductivity, etc., which usually contain highly conductive materials, such as silver, gold, carbon nanotubes or graphene, binders, solvents and other fillers [6] , to adjust their physicochemical properties. Among them, the used binders are typically polymers, such as acrylics [7] , alkyds [8] , cellulose [9] and rubber resins [10] . Although these binders can connect conductive filler elements to each other and offer good formability during printing, they also bring insufficient electrical conductivity due to their non-conductivity. Further, the presence of such binders complicates the curing and sintering processes because longer time or higher temperature is needed to remove or decompose them [11] . In traditional thermal sintering, a high temperature is needed to decompose this organic content and promote atomic interdiffusion to form a metallic bond between metallic fillers [12] . However, flexible substrates usually cannot withstand such high temperature [13] . Therefore, sintering temperature is particularly important when heat sensitive substrates are involved, making low-temperature sintering essential to avoid mechanical or thermal degradation of the substrate [14] . This requires reduced organic content in conductive inks. Besides that, the two prevalent droplet jetting mechanisms for inkjet printing, continuous inkjet and drop-on-demand inkjet, require low viscosity inks, which are beneficial to stable jetting and suppression of generation of satellite droplets [15] . The addition of binders will significantly increase the viscosity of inks [11] .
In recent years, there has been increasing interests given to binder-free conductive inks. Hu et al. [16] demonstrated a binder-free, stable black phosphorus ink formulation using a mixture of IPA/2-butanol solvents. The low surface tension ensured wetting of a variety of untreated substrates, enabling good consistency and spatially uniform. Printable radio frequency identification antenna with ultra-low resistance was achieved by binder-free graphene laminate [17] . The conductivity of graphene laminate is improved by more than 50 times with rolling compression, reaching 4.3 × 10 4 S/m, almost double the 2.5 × 10 4 S/m of previously reported graphene laminate with binder. Referring to electronic industry, silver inks with heavy binder content are widely used. To increase the electrical performance and mechanical reliability of printed electrodes, adding the second phase of filler materials for inkjet printing was reported. For example, Hoeng et al. [18] proposed that adding cellulose nanocrystals into silver ink can improve electrical conductivity and mechanical performance of printed films, providing a new solution to obtain conductive patterns on a porous substrate with a low sheet resistance of 50 Ω/sq. Joo et al. [19] demonstrated a composite copper nanoparticle based ink with 5 wt.% copper nanowires filler can reach a resistivity of 2.3 × 10 −7 Ω·m for electrodes compared with 9.4 × 10 −7 Ω·m for those printed by pure copper nanoparticle inks. However, if binders are removed, the silver particles have difficulty forming a continuous track without linkages by binders, leading to cracking of printed structure [20] , large interface resistance [17] and less mechanical reliability [21] .
To investigate the feasibility of printing silver based flexible electrodes using binder-free inks, in this study, silver nanoparticles (Ag NPs), binary solvents, and conductive nanofillers with zero-, one-, and two-dimensions were used to fabricate binder-free inks. Appearance, microstructure, electrical resistivity and bending performance of printed electrodes on polyimide (PI) substrate were evaluated. Laser sintering was also used to increase joining between conductive fillers to enhance their conductivity.
Materials and Methods

Materials
Analytical reagents including silver nitrate (AgNO 3 ), glucose, Polyvinyl Pyrrolidone (PVP, K30, M w ≈ 40,000 g·mol −1 ), sodium hydroxide (NaOH), ethylene glycol (EG), and trition X-100 (TX-100) were purchased from Aladdin Industrial Corporation. Activated carbon (AC, 99.9%, Ningbo Jin Lei Nano Mstar Technology Ltd., Ningbo, China), multi wall carbon nanotubes (CNT, Shenzhen Nanotech Port Co., Ltd., Shenzhen, China), graphene (G, The Sixth Element Materials Technology Co., Ltd., Changzhou, China), and silver nanowires (Ag NW, synthesized in the lab) were used as the second phase of conductive fillers. Ag NPs were synthesized using a modified procedure from the literature [22] . In general, the mixture of 30 mL AgNO 3 aqueous solution (5.1 g AgNO 3 ) with 200 mL glucose (14 g ) and PVP (8 g) aqueous solution was heated to 90 • C for 30 min under vigorous stirring, and then naturally cooled. The product was ultrasonicated, centrifuged, and dried at 50 • C. The synthesized Ag NPs were coated with a PVP shell, which can effectively prevent the agglomeration of Ag NPs. Ag nanowires were synthesized with polyol method [23] . The dimensions of fillers are shown in Table 1 . Table 2 lists the ink composition. The pure Ag NP ink served as a control sample for comparison. Zero-dimensional activated carbon (AC), one-dimensional silver nanowires (Ag NWs) and carbon nanotubes (CNTs) and two-dimensional graphene (G) were added into pure Ag NP ink with a concentration below their percolation threshold [24] [25] [26] [27] . The solvent contained water and ethylene glycol with a volume ratio of 3:1. To ensure uniform dispersion of inks, trace surfactant (0.1 wt.% TX-100) was used in inks. 
Inkjet Printing of Composite Electrodes and Low Temperature Sintering
The PI film with thickness of 0.3 mm served as substrate. Five types of inks were printed using an inkjet printer (Microplotter proto, Sonoplot, Middleton, WI, USA) with a capillary needle of 40 µm inner diameter and printing speeds of 1 mm/s. The binder-free and water-based inks led to quick drying process. Laser sintering was conducted by an 808 nm diode laser with a spot diameter of 500 µm. After the attenuation, the working power of the laser was 1.5 W with a constant power density of 7.6 W/mm 2 .
Characterization
The microstructure, morphology and thickness were characterized by field emission scanning electron microscopy (FESEM, Merlin compact, Berlin, Germany). The four-point resistance of printed tracks was measured with a source meter (Keithley, 2400). The resistivity was calculated using = RS/L, where R is the measured four-point resistance, S is the cross-section area and L is the length of the electrodes. Resistivity of various forms of carbon fillers were measured by four-point method after pressing them into 10 mm × 10 mm × 1 mm pieces. The results show that AC, CNT and G have a resistivity of 10 −2 , 10 −4 and 10 −7 Ω·m, respectively. The 20 mm electrodes were used for bending tests with a homemade bending device. Bending frequency was 15 cycles/min and bending degree was 50%, which is the ratio of the bended length to original electrode length.
Results and Discussion
The synthesized Ag NPs have an average diameter of 40 nm, and Ag NWs were 75 nm thick and less than 5 µm long, as shown in Figure 1 . Five composite inks were printed onto clean PI substrate by multiple passes (five passes). The composite electrodes printed with the five inks on the surface presented continuous, uniform and crack-free morphologies (see Figure 2a ). When the ink was ejected from the nozzle, it spread out on substrate due to its low viscosity and high surface energy of PI (37 mN/m) [28] , causing the line width of electrodes to be much larger than the original nozzle diameter (40 µm), but could deposit evenly on the substrate. These binder-free inks allow thin electrode deposition. When printed five times, the thickness of electrodes was less than 2.4 µm. Figure 2b shows the width and height of the as-printed composite electrodes. For example, Ag NP/AC electrode is 1.86 µm thick, as shown in inset image of Figure 2b .
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The overall resistance of an electrical network comes from the bulk resistance of fillers, constriction resistance and tunneling resistance. The constriction resistance comes from the spots where there is direct contact between the conductive fillers and it increases with the number of contact points. The tunneling resistance comes from the spots where there is no direct connection between conductive fillers and, therefore, electrons need to overcome barrier energy to transfer through those spots [39] . When the concentration of filler is below the percolation threshold, the tunneling resistance will be a dominating factor compared with constriction resistance. To understand the contribution of the second phase fillers in the electrodes, SEM analysis (see Figure 5) was performed. Figure 5a shows the formation of bounds between particles, indicating the sintering of Ag NPs creates more interconnections for electron paths. However, the higher porosity results in a high tunnel resistance in the system. In Ag NP/CNT and Ag NP/Ag NW composite electrode systems, as schematically shown in Figure 5c ,d, CNTs and Ag NWs can serve as bridges to connect Ag NPs. This bridging effects helping the development of more electrical paths and as a result convert the tunnel resistance into a lower contact resistance. As for 2D filler, as illustrated in Figure 5e , large graphene sheets can connect more Ag NPs because of their large surface area [40] , resulting in more contact points and significantly decreased tunnel resistance, contributing to better conductivity. However, 0D material (AC) cannot bridge Ag NPs (see Figure 5b ) which result in a high tunneling resistance. Meanwhile, due to a high bulk resistance of AC caused by many pore structures and destructed sp2 hybridization [41] , Ag NP/AC composite electrodes displayed the highest resistivity. To verify the results, composite electrodes with 6 wt.% silver microflakes (average width of 600 nm) were sintered under the same laser parameters, and the results show that the composite electrodes exhibit the lowest resistivity of 1.1 × 10 −7 Ω·m (Figure 4) . Figure 4 shows the curve of resistivity as a function of the laser scanning times. The resistivity decreases significantly with the first few repeated scans and eventually remained stable with further increasing scanning times, indicating laser sintering induced many interconnections between conductive filler materials quickly. Here, the second phase of filler can affect the resistivity of printed electrodes. The resistivity of Ag NP/G composite electrodes decreased from 2.8 × 10 −7 to 1.7 × 10 −7 Ω·m (10% of the conductivity of bulk silver), which is approximately 61% of the resistivity of pure Ag NP electrodes. During sintering process, diffusion between silver was much easier than carbon-carbon or carbon-silver due to their same crystal structure, atoms, and less activation energy [37] . Therefore, with the same dimensions, electrodes with silver fillers have a better conductivity than those with carbon. For example, the printed pure Ag NP electrodes had a lower resistivity (2.8 × 10 −7 Ω·m) than Ag NP/AC composite electrodes (3.2 × 10 −7 Ω·m). The results also show that the dimension of the fillers can influent their resistivity. It was found that a small amount of CNTs have the same effect in reducing resistivity as adding 6% Ag NWs in the ink. The resistivity of Ag NP/CNT composite electrodes is 2.0 × 10 −7 Ω·m, which is close to that of Ag NP/Ag NW electrodes (2.1 × 10 −7 Ω·m). However, they are higher than Ag NP/G composite electrodes with 2D fillers (1.7 × 10 −7 Ω·m). These composite electrodes reach the same level of resistivity, 1.0 × 10 −7 Ω·m, of Ag NP ink with a silver concentration of 50 wt.% [38] .
The overall resistance of an electrical network comes from the bulk resistance of fillers, constriction resistance and tunneling resistance. The constriction resistance comes from the spots where there is direct contact between the conductive fillers and it increases with the number of contact points. The tunneling resistance comes from the spots where there is no direct connection between conductive fillers and, therefore, electrons need to overcome barrier energy to transfer through those spots [39] . When the concentration of filler is below the percolation threshold, the tunneling resistance will be a dominating factor compared with constriction resistance. To understand the contribution of the second phase fillers in the electrodes, SEM analysis (see Figure 5) was performed. Figure 5a shows the formation of bounds between particles, indicating the sintering of Ag NPs creates more interconnections for electron paths. However, the higher porosity results in a high tunnel resistance in the system. In Ag NP/CNT and Ag NP/Ag NW composite electrode systems, as schematically shown in Figure 5c ,d, CNTs and Ag NWs can serve as bridges to connect Ag NPs. This bridging effects helping the development of more electrical paths and as a result convert the tunnel resistance into a lower contact resistance. As for 2D filler, as illustrated in Figure 5e , large graphene sheets can connect more Ag NPs because of their large surface area [40] , resulting in more contact points and significantly decreased tunnel resistance, contributing to better conductivity. However, 0D material (AC) cannot bridge Ag NPs (see Figure 5b ) which result in a high tunneling resistance. Meanwhile, due to a high bulk resistance of AC caused by many pore structures and destructed sp2 hybridization [41] , Ag NP/AC composite electrodes displayed the highest resistivity. To verify the results, composite electrodes with 6 wt.% silver microflakes (average width of 600 nm) were sintered under the same laser parameters, and the results show that the composite electrodes exhibit the lowest resistivity of 1.1 × 10 −7 Ω·m (Figure 4) . The flexibility of these as-printed and sintered composite electrodes was characterized. The rate of change of resistance in the electrodes is calculated using K = (R − R0)/R0, where R is the resistance of the electrodes after bending, and R0 is that before bending. As shown in Figure 6 , the bending properties of the electrodes also showed a strong correlation to the type and dimension of the second phase fillers. After 3000 bending cycles, the composite electrodes with AC, CNT and G fillers had a high K value, above 100%. However, the K value of pure Ag NPs and Ag NP/Ag NW electrodes were less than 20%. It suggests that the Ag electrodes can maintain their conductivity during deformation unlike the Ag/C electrodes (with AC, CNTs, or G). This is due to more interconnections and better interfacial strength for silver-silver than silver-carbon after sintering. In Ag NP/Ag NW electrodes, fillers were bonded through metallic bonds. However, the connections between carbon and silver were mainly by van der Waals bonds, which results in a lower interface bonding strength [42] . As shown in Figure 7a , in printed pure Ag NP electrode after bending test, Ag was still connected due to its good ductility. As for Ag NP/AC composite electrodes (Figure 7b ), Ag debonded with AC to form isolated particles and reduced their interconnections. However, as 1D material, CNTs were pulled out from silver due to weak bonding between silver and carbon (Figure 7c ), while some Ag NWs deformed plastically and some were still in bridging (Figure 7d ). For Ag NP/carbon electrodes, The flexibility of these as-printed and sintered composite electrodes was characterized. The rate of change of resistance in the electrodes is calculated using K = (R − R0)/R0, where R is the resistance of the electrodes after bending, and R0 is that before bending. As shown in Figure 6 , the bending properties of the electrodes also showed a strong correlation to the type and dimension of the second phase fillers. After 3000 bending cycles, the composite electrodes with AC, CNT and G fillers had a high K value, above 100%. However, the K value of pure Ag NPs and Ag NP/Ag NW electrodes were less than 20%. It suggests that the Ag electrodes can maintain their conductivity during deformation unlike the Ag/C electrodes (with AC, CNTs, or G). This is due to more interconnections and better interfacial strength for silver-silver than silver-carbon after sintering. In Ag NP/Ag NW electrodes, fillers were bonded through metallic bonds. However, the connections between carbon and silver were mainly by van der Waals bonds, which results in a lower interface bonding strength [42] . As shown in Figure 7a , in printed pure Ag NP electrode after bending test, Ag was still connected due to its good ductility. As for Ag NP/AC composite electrodes (Figure 7b ), Ag debonded with AC to form isolated particles and reduced their interconnections. However, as 1D material, CNTs were pulled out from silver due to weak bonding between silver and carbon (Figure 7c ), while some Ag NWs deformed plastically and some were still in bridging (Figure 7d ). For Ag NP/carbon electrodes, The flexibility of these as-printed and sintered composite electrodes was characterized. The rate of change of resistance in the electrodes is calculated using K = (R − R 0 )/R 0 , where R is the resistance of the electrodes after bending, and R 0 is that before bending. As shown in Figure 6 , the bending properties of the electrodes also showed a strong correlation to the type and dimension of the second phase fillers. After 3000 bending cycles, the composite electrodes with AC, CNT and G fillers had a high K value, above 100%. However, the K value of pure Ag NPs and Ag NP/Ag NW electrodes were less than 20%. It suggests that the Ag electrodes can maintain their conductivity during deformation unlike the Ag/C electrodes (with AC, CNTs, or G). This is due to more interconnections and better interfacial strength for silver-silver than silver-carbon after sintering. In Ag NP/Ag NW electrodes, fillers were bonded through metallic bonds. However, the connections between carbon and silver were mainly by van der Waals bonds, which results in a lower interface bonding strength [42] . As shown in Figure 7a , in printed pure Ag NP electrode after bending test, Ag was still connected due to its good ductility. As for Ag NP/AC composite electrodes (Figure 7b ), Ag debonded with AC to form isolated particles and reduced their interconnections. However, as 1D material, CNTs were pulled out from silver due to weak bonding between silver and carbon (Figure 7c ), while some Ag NWs deformed plastically and some were still in bridging (Figure 7d ). For Ag NP/carbon electrodes, Ag NP/G shows highest K value after 3000 bending cycles, meaning bad flexibility. Figure 7e shows the microstructure of Ag NP/G electrodes after bending. During bending, graphene sheets could detach with silver and generate large microcracks due to the weak interfacial bonding and large stiffness mismatch between silver and graphene [43] . This study shows that electrical and mechanical properties can be tuned by adding different dimensional fillers in binder-free inks, which could benefit the ink formulation and ink-printing technique for electrode fabrication.
Ag NP/G shows highest K value after 3000 bending cycles, meaning bad flexibility. Figure 7e shows the microstructure of Ag NP/G electrodes after bending. During bending, graphene sheets could detach with silver and generate large microcracks due to the weak interfacial bonding and large stiffness mismatch between silver and graphene [43] . This study shows that electrical and mechanical properties can be tuned by adding different dimensional fillers in binder-free inks, which could benefit the ink formulation and ink-printing technique for electrode fabrication. 
Conclusions
Binder-free silver nanoparticle based composite inks were utilized to fabricate flexible electrodes by ink printing. By adding the second phase of conductive fillers and using binary solvent, printed composite electrodes were uniform and without cracks. One dimensional fillers could serve as bridges in electrodes to enhance the conductivity and stability during bending. The graphene filler in composite electrodes could largely reduce average resistivity to 1.7 × 10 −7 Ω·m after sintering but showed worse stability than adding Ag NWs, CNTs or AC. Ag NW filler in electrodes could lower Ag NP/G shows highest K value after 3000 bending cycles, meaning bad flexibility. Figure 7e shows the microstructure of Ag NP/G electrodes after bending. During bending, graphene sheets could detach with silver and generate large microcracks due to the weak interfacial bonding and large stiffness mismatch between silver and graphene [43] . This study shows that electrical and mechanical properties can be tuned by adding different dimensional fillers in binder-free inks, which could benefit the ink formulation and ink-printing technique for electrode fabrication. 
Binder-free silver nanoparticle based composite inks were utilized to fabricate flexible electrodes by ink printing. By adding the second phase of conductive fillers and using binary solvent, printed composite electrodes were uniform and without cracks. One dimensional fillers could serve as bridges in electrodes to enhance the conductivity and stability during bending. The graphene filler in composite electrodes could largely reduce average resistivity to 1.7 × 10 −7 Ω·m after sintering but showed worse stability than adding Ag NWs, CNTs or AC. Ag NW filler in electrodes could lower 
Binder-free silver nanoparticle based composite inks were utilized to fabricate flexible electrodes by ink printing. By adding the second phase of conductive fillers and using binary solvent, printed composite electrodes were uniform and without cracks. One dimensional fillers could serve as bridges in electrodes to enhance the conductivity and stability during bending. The graphene filler in composite electrodes could largely reduce average resistivity to 1.7 × 10 −7 Ω·m after sintering but showed worse stability than adding Ag NWs, CNTs or AC. Ag NW filler in electrodes could lower the resistance change less than 20% after 3000 bending cycles, indicating a good stability due to their bridging effect and strong interconnections with Ag NPs. These binder-free composite inks can be used for low temperature fabrication of flexible electrodes with low electrical resistance and good mechanical performance.
